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Abstract
We prepare the full sky radio galaxy map (|b| > 10◦) using the north NVSS and south SUMSS
galaxy catalogs and study the large scale multipoles anomalies. These galaxies are roughly at redshift
z ∼ 0.8 and therefore tracing the matter distribution at very large scales. The quadruple and octopole
from radio galaxy catalog are consistent with ΛCDM for a reasonable value of galaxy bias and we do
not find dipole–quadruple–octopole alignment as seen in CMB temperature maps. The quadrupole
direction is roughly 46◦ away from dipole, and octopole direction is approximately 33◦ from dipole.
The angle between quadrupole and octopole is around 70◦ degree. We have large errors in multipole
directions due to shot noise, even so with this data we are able to rule out dipole–quadruple and
quadruple–octopole alignment. The magnitude of all multipoles, except dipole, are roughly consistent
with ΛCDM for reasonable galaxy bias. The dipole magnitude remains inconsistent with CMB as
reported in previous studies. The results may impose stringent constraints on cosmological models
with large scale anisotropy features.
Subject headings: cosmology: large-scale structure of universe – dark matter – galaxies: active –
high-redshift
1. INTRODUCTION
In modern cosmology we assume our Universe
at large scale to be statistically homogeneous and
isotropic (Milne 1933, 1935). The Cosmic mi-
crowave background (CMB) is uniform to roughly 1
part in 105 (Penzias & Wilson 1965; White et al. 1994;
Bennett et al. 2013; Planck Collaboration et al. 2016)
and this strongly supports the isotropy assumption,
furthermore there are other observations of isotropy
e.g. ultra-high energy cosmic ray (UHECR) events
from the Telescope Array (TA) are isotropic on the
sky (Abu-Zayyad et al. 2012), the Fermi Gamma-Ray
Burst (GRB) data is isotopic (Rˇı´pa & Shafieloo 2017;
Rˇı´pa & Shafieloo 2018) and the radio polarization an-
gles from AGNs are also isotropic (Tiwari & Jain 2018).
However, there remains several observations along with
signals from CMB itself that suggest a violation of
statistical isotropy. In particular the CMB dipole,
quadrupole and octopole modes are roughly aligned
and are puzzling within the standard model of cosmol-
ogy (Schwarz et al. 2004; de Oliveira-Costa et al. 2004;
Schwarz et al. 2016). In the CMB map from nine years
of Wilkinson Microwave Anisotropy Probe (WMAP) ob-
servations, quadrupole and octopole are aligned within
3◦ (degree) (Bennett et al. 2013). Planck observa-
tions also confirm this result where quadrupole and oc-
topole are found to be aligned at 8◦ to 13◦ in the
foreground cleaned CMB maps produced by Planck
team using various cleaning procedures. The proba-
bility of such an alignment to occur is ∼ 1 to 2.6 %
ptiwari@nao.cas.cn
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(Planck Collaboration et al. 2014) and thus indicates our
assumption of isotropy at large scales.
The dipole–quadrupole–octopole alignment signal
from CMB is unique as we have never been able to
have alternate measure of this signal from some com-
plimentary cosmological observation. CMB anisotropies
trace the density perturbations in the universe at redshift
∼ 1100, when neutral Hydrogen was formed. The density
perturbations grew giving rise to galaxies, galaxy clus-
ters, and all the visible/non-visible cosmological struc-
ture around us. The high density sites of dark matter,
the halos, mediated the baryonic matter to form galax-
ies, and so the galaxy distribution in space is tracing the
background dark matter with galaxy bias (Kaiser 1984).
Therefore with the large-scale galaxy surveys, we can
probe the background dark matter distribution and can
test for any large-scale anomalies in it. Any alignment
thus observed in large scale multipoles of the galaxy dis-
tribution map will constitute an independent measure of
a similar feature in background dark matter distribution
that is so far seen (only) in CMB. The galaxies in this
work are sitting at redshift around ∼ 0.8 Condon et al.
(1998); Wilman et al. (2008) and so we will be probing
the anomalies, if any, in the background dark matter
distribution at this redshift. Nevertheless, it is worth
looking at how the observed CMB anomalies (at redshift
∼1100 ) got transformed with structure formation and
how these alignments look like in galaxy surveys, if the
anomalies are truly cosmological.
The NRAO VLA Sky Survey (NVSS) radio galaxy
clustering results, for higher order multipoles (l >
4) show an excellent consistency with the standard
ΛCDM power spectrum for a reasonable choice of
bias parameter (Blake & Wall 2002; Nusser & Tiwari
22015). However the dipole signal from NVSS galaxies
is significantly higher, roughly three times larger than
CMB predicted value1 (Singal 2011; Gibelyou & Huterer
2012; Rubart & Schwarz 2013; Tiwari et al. 2015;
Tiwari & Jain 2015; Tiwari & Nusser 2016).
In this work we aim to study the dipole, quadrupole,
and octopole modes, and their alignments from radio
galaxy catalogs. NVSS covers the sky north of decli-
nation −40◦ (J2000), which is almost 80% of the celes-
tial sphere, however the remaining 20 % southern sky
remains as an obstacle to achieve a confident measure
of large-scale multipoles i.e. quadrupole and octopole.
Thankfully, we have Sydney University Molonglo Sky
Survey (SUMSS) in southern sky and by merging NVSS
and SUMSS we achieve full sky radio galaxy map for
latitudes |b| > 10◦ (Colin et al. 2017). We carefully pre-
pare the NVSUMSS near full sky galaxy catalog and esti-
mate all the multipoles in the number density map. Our
NVSUMSS merging method and final catalog differs from
Colin et al. (2017). Assuming bias value determined in
Nusser & Tiwari (2015) we compare the estimated mul-
tipoles with ΛCDM. Next, we employ the Power tensor
method (Ralston & Jain 2004; Samal et al. 2008) to de-
termine the direction of large scale multipoles and study
their alignments.
Outline of the remaining paper is as following. We dis-
cuss the data and full sky catalog preparation in Section
2. In Section 3, we review the angular power spectrum,
Cl, formulation and discuss its estimation from the data
with partial sky coverage (|b| > 10◦). The clustering
results recovered with NVSUMSS are presented in Sec-
tion 4. A comparison of angular clustering results ob-
tained using two different methods, and their matching
and calibration with previous studies is also presented
in this section. The dipole–quadrupole–octopole align-
ment analysis and results are presented in Section 5. We
conclude with a discussion of our results in Section 6.
2. FULL SKY RADIO GALAXY CATALOG
2.1. NVSS
The NVSS2 catalog covers the sky north of declination
−40◦ (J2000) in Equatorial coordinates. This is almost
80% (69% if we mask |b| < 10◦) of the celestial sphere.
The full catalog contains ∼1.7 billion sources with in-
tegrated flux density S > 2.5 mJy at 1.4 GHz and it
is approximately complete above 3.5 mJy (Condon et al.
1998). The full width at half maximum resolution of the
survey i.e. FWHM is 45′′ (arcsec) and observations are
at nearly uniform sensitivity. The catalog is known to
have some systematics namely the Galactic contamina-
tion, 22 bright extended source locations and significant
systematic gradients in surface density for sources fainter
than 10 mJy due to array D and DnC configuration
(Blake & Wall 2002). After masking 22 bright extended
1 Our local motion with respect to CMB frame is observed as
dipole signal in CMB temperature map, which is of the order of
few milli Kelvin (Conklin 1969; Henry 1971; Corey & Wilkinson
1976; Smoot et al. 1977; Kogut et al. 1993; Hinshaw et al. 2009)
and corresponds to a speed of 369± 0.9 km s−1 in the direction
l = 263.99o ± 0.14o, b = 48.26 ± 0.03o in galactic coordinates
(Kogut et al. 1993; Hinshaw et al. 2009). Therefore we also expect
a dipole signal in galaxy distribution due to Doppler and aberration
effects (Ellis & Baldwin 1984) caused by our local motion.
2 https://www.cv.nrao.edu/nvss/
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Fig. 1.— The spectral index with sources common to NVSS
and SUMSS. There are 13942 common sources and spectral index,
α = 0.83± 0.35.
source sites and Galactic sources with latitudes |b| < 5◦
the galaxy spatial distribution is reasonably smooth with
flux density cut S = 10 mJy and above (Blake & Wall
2002; Nusser & Tiwari 2015).
2.2. SUMSS
The SUMSS3 catalog covers the sky south of declina-
tion−30◦ (J2000). The survey is carried out with Molon-
glo Observatory Synthesis Telescope (MOST) operating
at 843 MHz (Mauch et al. 2003). The catalog is limited
to Galactic latitudes |b| > 10◦. The catalog is complete
above 8 mJy at declination ≤ −50 and for declination
between −50 to −30 it is complete above 18 mJy at 843
MHz. The survey is uniform over the observation re-
gion and with similar FWHM resolution and sensitivity
to NVSS.
2.3. NVSUMSS
The NVSS and SUMSS operate at different frequencies
and thus for a given source the radio flux measurements
are different. Nevertheless the radio fluxes at these two
frequencies can be linked using the relation,
S ∝ ν−α, (1)
where α is the spectral index. Therefore for a given
source,
S1.4 GHz = S843 MHz(843/1400)
α. (2)
The two surveys, NVSS and SUMSS, have an overlap
region between sky south of declination −40◦ to −30◦.
We employ this common survey region to obtain the spec-
tral index α. Considering NVSS and SUMSS position
uncertainties we cross match these catalogs. The cross
matching of catalogues is done as described below.
We have in total 35579 sources in SUMSS above 18
mJy in the overlap region of the two surveys. We do find
at least one source position match from NVSS for most
of the SUMSS sources (35502 sources out of 35579) if we
consider 45′′ (arcsec) error in RA & Dec for all SUMSS’s
source positions, i.e., looking for a NVSS source within a
circle of 45′′ radius around each SUMSS’s source. How-
ever if we use the source position uncertainties in RA &
Dec as provided in the catalog, we only match a total
3 http://www.physics.usyd.edu.au/sifa/Main/SUMSS
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Fig. 2.— The NVSUMSS above S > 15mJy at 1.4 GHz, the
SUMSS flux density scaled with α = 0.81. The NVSS (black)
covers the sky north of declination −40◦ (J2000) and SUMSS (red)
fills the remaining sky. The Aitoff projection is in the galactic
coordinate.
of 13942 positions. The spectral index distribution ob-
tained using the common sources (13942) between these
catalogs following equation 2 is shown in Figure 1. We
find α = 0.83± 0.35.
Alternately we can also obtain an estimate of the spec-
tral index as follows. In the common observing region of
the two surveys, SUMSS is complete above 18 mJy at 843
MHz and NVSS is complete above 3.5 mJy at 1.4 GHz
(note that 18 mJy at 843 MHz corresponds to 12 mJy
at 1.4 GHz following equation 2). So for a given flux
cut which is above the flux completeness limit of both
surveys, we expect to see same radio galaxies and thus
the number density must match. Indeed, we recover the
same number density (±0.3 %) from these surveys with
α ≈ 0.81. This value of α is slightly less than the mean
spectral index from Figure 1. This tiny deviation may
occur as these surveys are at low resolution and domi-
nated by unresolved sources.
In our present work we use α = 0.81 to scale the
SUMSS observed source fluxes from 843 MHz to 1.4
GHz, following equation 2, and combine them with NVSS
sources. We remove Galactic plane |b| < 10◦ and also
22 bright extend sources and produce our otherwise full
sky radio galaxy map, the “NVSUMSS”. It spans about
82.74% of the sky and contains 410308 sources above 15
mJy at 1.4 GHz. The NVSUMSS is complete above 12
mJy at 1.4 GHz (since 12 mJy at 1.4 GHz corresponds
to 18 mJy at 843 MHz - the SUMSS completeness limit).
NVSUMSS catalog in Aitoff projection in the galactic
coordinates is shown in Figure 2.
3. THE GALAXY CLUSTERING ANGULAR
POWER SPECTRUM
3.1. Theoretical Cl
Here we briefly review the relationship between the
galaxies’ spatial distribution and background dark mat-
ter following ΛCDM scenario. Let N (rˆ) be the projected
number density per steredian in the direction rˆ. We can
write this as,
N (rˆ) = N¯ (1 + ∆(rˆ)), (3)
where N¯ be the mean number density, and ∆(rˆ) rep-
resents the projected number density contrast. ∆(rˆ) is
theoretically connected to the background dark matter
density contrast, δm(r, z(r)). Here r stands for comoving
distance r in direction rˆ and z(r) is the redshift corre-
sponding to comoving distance r. Assuming linear galaxy
biasing b(z) we can write the galaxy density contrast,
δg(r, z(r)) = δm(r, z = 0)D(z)b(z), (4)
where D(z) is the linear growth factor and z = z(r).
Following these we get,
∆(rˆ)=
∫ ∞
0
δg(r, z(r))p(r)dr
=
∫ ∞
0
δm(r, z = 0)D(z)b(z)p(r)dr, (5)
where p(r)dr is the probability of observing galaxy be-
tween comoving distance r and (r + dr). Next we can
expand ∆(rˆ) in spherical harmonics as,
∆(rˆ) =
∑
lm
almYlm(rˆ). (6)
We invert the above equation to recover alm as,
alm=
∫
dΩ∆(rˆ)Y ∗lm(rˆ) (7)
=
∫
dΩY ∗lm(rˆ)
∫ ∞
0
δm(r, z = 0)D(z)b(z)p(r)dr .
The dark matter density field δm(r, z = 0) can be written
as a Fourier transform of k-space density field δk, as
δm(r, z = 0) =
1
(2pi)3
∫
d3kδke
ik·r . (8)
Here we can substitute,
eik·r = 4pi
∑
l,m
iljl(kr)Y
∗
lm(rˆ)Ylm(kˆ), (9)
where jl is the spherical Bessel function of first kind for
integer l. Subsequently we write
alm =
il
2pi2
∫
drD(z)b(z)p(r)
∫
d3kδkjl(kr)Y
∗
lm(kˆ) .
(10)
Now we can obtain an expression for the corresponding
angular power spectrum, Cl, as
Cl=< |alm|
2 >
=
2
pi
∫
dkk2P (k)
∣∣∣∣
∫ ∞
0
D(z)b(z)p(r)drjl(kr)
∣∣∣∣
2
=
2
pi
∫
dkk2P (k)W 2(k) , (11)
where P (k) is ΛCDM power spectrum, and W (k) =∫∞
0
D(z)b(z)p(r)drjl(kr) is the window function in k-
space. We have used < δkδk′ >= (2pi)
3δD(k − k′)P (k)
where δD is Dirac’s δ−function.
43.2. Measured Cl from galaxy surveys
The galaxy surveys in reality never cover the full sky
and we have some regions with no data or bad data in
sky. Therefore in general the measured Cl are always
from partial sky. Furthermore we are limited by galaxy
number density and thus we have shot noise in Cl mea-
surements. An estimate of Cl corresponding to the the-
oretical Cl given in Equation (11) is,
Cobsl =
〈|a′lm|
2〉
Jlm
−
1
N¯
(12)
where a′lm =
∫
survey
dΩ∆(rˆ)Y ∗lm(rˆ) and Jlm =∫
survey
|Ylm|2dΩ, the Jlm is the approximate correction for
the partial survey region following Peebles (1980). The
term 1
N¯
is deducted to remove the contribution from the
Poissonian shot noise. The 1σ error in this estimate due
to cosmic variance, sky coverage and shot-noise is,
∆Cl =
√
2
(2l+ 1)fsky
(
Cobsl +
1
N¯
)
(13)
where fsky is the fraction of sky observed in the survey.
4. CLUSTERING POWER SPECTRUM FROM
NVSUMSS
We use HEALPix4 (Gor´ski et al. 2005) pixelization
scheme to produce equal area pixels on spherical sur-
face. We next populate the map with our NVSUMSS
catalog and this gives the number density map N (rˆ) i.e.
the number of sources in a pixel in direction rˆ. We use an
Nside = 64 HEALPix grid to generate our number den-
sity map. The map thus obtained and the source mask
are shown in Figure 3.
We obtain Cobsl and its error bars following Equation
12 and 13, respectively. The NVSS and SUMSS have
broad angular resolution and around 90% sources are
unresolved in these surveys. The radio-loud sources of-
ten have extended radio emission and the resolved 10%
population may have multiple entries in the catalog.
Blake et al. (2004) noted that this has a small but mea-
surable effect on angular power spectrum as a fixed offset
to Cl given by ∆Cl ≈ 2e/N¯ , where e = 0.070 ± 0.005.
Note the factor 1/N¯ which is the shot noise contribu-
tion. Thus we also deduct this fixed offset from all Cl in
estimating Cobsl .
The Cobsl from NVSUMSS are shown in Figure 4.
The NVSUMSS Cl agree with Cl obtained using only
NVSS sources by Nusser & Tiwari (2015). The solid
curve in Figure 4 denotes the ΛCDM angular power
spectrum following the bias and N(z) schemes given in
Nusser & Tiwari (2015). We conclude that the clustering
results from NVSUMSS are similar to NVSS and agrees
well with ΛCDM predictions. This confirms that our
NVSUMSS catalog is free from systematics and unusual
clustering. Since the main aim of the paper is to study
the large angle multipoles i.e., low-l modes we use the
iSAP inpainting package (Starck et al. 2013; Fourt et al.
2013) to construct full sky alm from the partial sky map
surface number density contrast map shown in Figure 3.
4 https://healpix.jpl.nasa.gov/
Fig. 3.— Top: The number density log10(1+N) map obtained
using NVSUMSS with S> 15 mJy at 1.4 GHz. Here N denotes the
number of sources in Healpix pixels. We have used Nside = 64.
Bottom: The corresponding source mask that denotes the extent
of the sky covered by the composite catalog.
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Fig. 4.— The angular power spectrum estimated from the
NVSUMSS catalog with flux density cut S> 15 mJy at 1.4 GHz.
The blue filled circles are Cobs
l
following Equation 12. The solid
line is ΛCDM values. The dashed lines are one sigma limits due
to shot noise and cosmic variance scatter and fsky (Equation 13).
The open circles are Cobs
l
recovered using iSAP inpainting scheme
(Starck et al. 2013; Fourt et al. 2013).
The default setting of the iSAP inpainting package were
used to inpaint the missing portions of the sky. We have
shown the inpainted full sky pixel distribution along with
input partial map in Figure 5. The power spectrum from
the inpainted number density map is also shown in Fig-
ure 4 along with the one estimated using the classical
method of Peebles (1980). The power spectra recovered
from both the methods match reasonably well with each
other within the error bars. We note that, at low-l, the
52− 1.5− 1− 0.5− 0 0.5 1 1.5 20
1000
2000
3000
4000
5000
6000
7000
Fig. 5.— The NVSUMSS number density contrast map his-
togram as seen in Healpix pixels. The inpainted full sky distribu-
tion is shown in solid black and the input partial sky distribution is
shown as blue. The recovered inpaited pixels distribution is shown
in red. The input sky distribution and inpainted pixels histograms
are scaled by a factor 49152/40667 and 49152/8485, respectively,
for comparison between the histograms.
error bars in Cls due to cosmic variance are large.
5. DIPOLE–QUADRUPOLE–OCTOPOLE
ALIGNMENT ANALYSIS
5.1. Power tensor
In order to test for alignments among various mul-
tipoles we use the Power tensor method introduced in
Ralston & Jain (2004). The method involves associating
a preferred axis or axis of anisotropy with each multi-
pole. Then their orientations can be compared by taking
a simple inner product of the preferred axis associated
with the multipoles in question. For a range of multi-
poles, one can also compare their alignments using what
is called ‘Alignment tensor’ given by Samal et al. (2008).
Power tensor is defined as a quadratic estimator in the
spherical harmonic coefficients, alm, of a multipole ‘l’ as
Aij(l) =
∑
m,m′m′′
almJ
i
mm′J
j
m′m′′alm′′ (14)
where Ji (i=1,2,3) are the angular momentum matrices
in spin−l representation. The normalization factor is
chosen such that the trace of this 3 × 3 Power tensor
matrix corresponding to a multipole, l, is equal to the
total power, Cl, of that multipole.
The Power tensor Aij(l) maps a multipole, or anolo-
gously alms, to an ellipsoid. Let Λα and eα denote the
three eigenvalues and eigenvectors of the Power tensor
respectively. These eigenvectors form the three perpen-
dicular axes of the ellipsoid and the corresponding (nor-
malized) eigenvalues denote length of each axis. We asso-
ciate that eigenvector, which has the largest eigenvalue
among the three Λα’s, as the preferred axis or axis of
anisotropy of a multipole l. Stated differently, the axis
along which the ellipsoid is most elongated is taken as
the axis of anisotropy of that multipole. We call this
axis as Principal eigenvector (PEV) of that multipole.
In the case of statistical isotropy all the eigenvalues of
Aij(l) will be equal to Cl/3 and the PEVs will be ori-
ented randomly.
For further details about the Power tensor method the
reader may refer to Ralston & Jain (2004); Samal et al.
TABLE 1
Dipole, quadrupole, octopole magnitude and direction
from NVSUMSS with flux density cut S> 15 mJy at 1.4
GHz. The shot noise, 1
N¯
, for this flux cut is 2.5× 10−5.
l Cobs
l
(×104) Direction (iSAP)
ΛCDM Peebles iSAP (l,b) (RA, Dec)
1 0.127 2.141 2.234 253, 19 141, -23
2 0.130 0.776 0.559 306, 5 199, -58
3 0.129 0.168 0.098 266, 46 168, -10
(2008).
5.2. Alignment analysis with Power tensor
The amplitude of dipole as observed with NVSS
and NVSS+SUMSS remains high and disagrees with
CMB kinematic dipole (Singal 2011; Gibelyou & Huterer
2012; Rubart & Schwarz 2013; Tiwari et al. 2015;
Tiwari & Jain 2015; Tiwari & Nusser 2016; Colin et al.
2017). The magnitude of quadrupole is roughly at one
sigma away from ΛCDM prediction and octopole magni-
tude is almost same as ΛCDM prediction. The observed
power, Cobsl , for l = 1, 2, 3 i.e. dipole, quadrupole and
octopole modes are given in Table 1. The preferred direc-
tion i.e. PEV direction inferred for these multipoles using
Power tensor are also listed in the same Table. We recall
that these multipole directions are derived using spheri-
cal harmonic coefficients of the full-sky projected number
density map obtained using iSAP inpainting procedure.
The multipole power and preferred direction results for
l = 1, 2, 3 with different flux density cuts are given in
Table 2. We note that the dipole direction and magni-
tude obtained with NVSUMSS is matching with previous
studies (Tiwari & Nusser 2016; Colin et al. 2017). The
dipole, quadrupole and octopole directions varies with
flux density cuts but roughly remains stable. These mul-
tipole directions for various flux density cuts are also
shown in Figure 6.
The angle between dipole, quadrupole and octopole for
various flux density cuts are given in Table 3. The av-
erage angle between dipole and quadrupole is ≈ 46◦ and
with octopole it is ≈ 33◦. The quadrupole and octopole
are ≈ 70◦ away from each other on average. If we assume
that the quadrupole and octopole directions are random
and have no alignment with dipole then the probability
of observed alignments are 0.30 and 0.16 for quadrupole–
dipole and octopole–dipole, respectively. The probabil-
ity of having quadrupole and octopole within 70◦ is 0.66.
This is statistically consistent with random direction as-
sumption for multipoles. Note that the multipole di-
rections are axes and their orientation is random over
the sky. The angle between two multipoles can be at
maximum 90◦ and probability of having two multipoles
aligned within angle α is
∫ α
0
sin(θ)dθ.
5.3. Multipole direction error estimate
In Figure 6 we have shown the multipole directions
with different flux density cuts. The scatter in multipole
directions reflect the effect of shot noise, partial to full
sky construction, etc. To determine the effect of mask-
ing and shot noise, we resort to mocks and emulate the
NVSUMSS multipole recovery as following. We consider
the NVSUMSS density contrast map, m0, and the mul-
tipole directions from this density contrast map as our
6TABLE 2
Dipole, quadrupole, octopole direction from NVSUMSS
with flux density cut S> 20, 30, 40, 50 mJy. The shot
noise, 1
N¯
, for corresponding flux cuts is also given.
S (l,b) shot noise
(>mJy) l = 1 l = 2 l = 3 (×105)
20 258, 21 304, -14 235, 42 3.2
30 264, 22 302, 2 238, 19 4.7
40 267, 6 306, -11 242, 30 6.2
50 290, 11 300, -19 238, 20 7.8
TABLE 3
Angular distance between dipole, quadrupole, octopole
directions from NVSUMSS with flux density cut S>15,20,
30, 40, 50 mJy. Last column is the average (over flux
density cuts) angle between multipoles.
Multipoles angle between (in degrees) Mean
S>15 S>20 S>30 S>40 S>50
l12 54 58 42 43 32 46
l13 29 28 25 34 50 33
l23 54 85 65 76 72 70
l
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Fig. 6.— Dipole, quadrupole and octopole directions from
NVSUMSS in galactic coordinate for flux density cut S> 15, 20,
30, 40, 50 mJy.
model and input directions respectively. The NVSUMSS
galaxy density map, m, with different flux density cuts,
S > 15 to 50 mJy, i.e. with different number density
is simply m(i) = (m0(i) + 1) × p¯, where i stands for
pixel and p¯ is the mean number of galaxies in pixel i.e.
pixel area × number density (N¯ ). We call Poisson dis-
tribution at every pixel and prepare a new map, mpoi.
The pixels in mpoi map are given by, mpoi(i) =Poisson
(m(i)). Note that the map mpoi contains both the shot
noise (i.e. 1/N¯ ) and the model map m. To emulate
the effect of partial to full sky recovery we employ the
same NVSUMSS mask and use iSAP inpainting package
to recover full sky map from partial mpoi. We call this
new map as m′poi map. The m
′
poi includes shot noise and
partial to full sky recovery uncertainties. Next we con-
struct density contrast map from m′poi and apply Power
tensor method to obtain multipole directions. The mul-
tipole magnitude and directions thus recovered, contain
the model input map, m0, shot noise and also include
TABLE 4
Expected uncertainty in dipole, quadrupole, octopole
direction due to shot-noise and partial to full sky
recovery with flux density cut S> 20, 30, 40, 50 mJy. Note
the shot noise for these flux cuts in Table 2.
S (∆l, ∆b)
(>mJy) l = 1 l = 2 l = 3
15 16, 12 18, 17 65, 23
20 14, 11 21, 25 63, 23
30 15, 13 19, 21 45, 31
40 14, 14 26, 17 41, 28
50 18, 14 31, 28 40, 27
uncertainties due to partial to full sky construction. We
average over a large number of Poissonian maps following
the same NVSUMSS mask and determine the uncertainty
in multipole directions. The results are listed in Table 4.
We note that the direction recovery for the NVSUMSS
octopole for flux cut S > 15 and 20 mJy show a very
large error in longitude.
6. CONCLUSION
The galaxy distribution traces the background dark
matter density. The radio galaxy surveys observe the
galaxies relatively at large redshift i.e. z ∼ 1 over a large
sky coverage and therefore the galaxies in these surveys
are the potential tracer of large scale matter distribu-
tion. In this work we combine the north NVSS and the
south SUMSS radio galaxy catalogs and determine the
large scale matter distribution. After removing Galactic
plane with latitude ±10◦ and other bright locations we
get ∼ 83% of the sky coverage with number density ∼ 12
sources/degree2 for flux density cut S > 15 mJy at 1.4
GHz. The SUMSS is at 843 MHz and NVSS is at 1.4
GHz therefore to combine these surveys we obtain the
spectral index from overlap region and scale the SUMSS
843 MHz fluxes appropriately to 1.4 GHz. This evidently
results as an accurate number density match between
these two surveys above completeness limits. We fur-
ther calibrate the clustering results from this combined
NVSUMSS catalog and find a good match with other
works (Tiwari & Nusser 2016; Colin et al. 2017). Except
dipole all other multipoles match with ΛCDM predic-
tions and bias values given in Nusser & Tiwari (2015)
fits very well with observed angular power spectrum.
The dipole signal remains high and its magnitude and di-
rection matches with previous studies (Tiwari & Nusser
2016; Colin et al. 2017).
We study the large scale anomalies i.e. low-l power
spectrum, in detail and find that the quadrupole and oc-
topole signal are nearly consistent with standard ΛCDM.
The quadrupole and octopole directions are on aver-
age 46 and 33 degree away from dipole. The aver-
age angle between quadrupole and octopole is 70. Al-
though we have large errors in multipole directions due
to shot-noise. Particularly the octopole directions with
different flux cuts are very unstable. Even so the dis-
tance between the octopole and quadrupole is large
and even with large directional uncertainties we do not
find dipole–quadrupole and quadrupole–octopole align-
ment. However, we can not rule out the dipole–octopole
alignment with this data. We will have better resolu-
tion on these anisotropies and anomalies with upcom-
ing Square Kilometre Array observations Ghosh et al.
7(2016). Nevertheless, this work is an independent
measure of large scale anomalies observed after CMB.
The results in this work supports large-scale isotropy
which is one of the fundamental assumption in mod-
ern cosmology and thus impose stringent constraints
on anisotropic cosmological models and on physical
mechanisms introduced to break statistical isotropy on
large scales (Hu & Sugiyama 1995; Gordon et al. 2005;
Ackerman et al. 2007; Emir Gu¨mru¨kc¸u¨oglu et al. 2007;
Koivisto & Mota 2008; Ghosh 2014).
We conclude that with available radio galaxy cata-
logs the large scale multipole directions are random as
expected in standard ΛCDM and with presently avail-
able data we do not find CMB like dipole–quadrupole–
octopole alignment. The matter distribution at redshift
z ∼ 0.8 is a good match with ΛCDM (except for dipole
power).
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